Molecular targets to reduce muscle weakness and atrophy due to oxidative stress have been elusive. Here we show that activation of Sarcoplasmic Reticulum (SR) Ca 2+ ATPase (SERCA) with CDN1163, a novel small molecule allosteric SERCA activator, ameliorates the muscle impairment in the CuZnSOD deficient (Sod1 -/-) mouse model of oxidative stress. Sod1 -/-mice are characterized by reduced SERCA activity, muscle weakness and atrophy, increased oxidative stress and mitochondrial dysfunction. Seven weeks of CDN1163 treatment completely restored SERCA activity and reversed the 23% reduction in gastrocnemius mass and 22% reduction in specific force in untreated Sod1 -/-versus wild type mice. These changes were accompanied by restoration of autophagy protein markers to the levels found in wild-type mice. CDN1163 also reversed the increase in mitochondrial ROS generation and oxidative damage in muscle tissue from Sod1 -/-mice. Taken together our findings suggest that the pharmacological restoration of SERCA is a promising therapeutic approach to counter oxidative stress-associated muscle impairment.
Introduction
Oxidative stress is commonly defined as the imbalance between prooxidants and anti-oxidants in tissues which manifests itself by an accumulation of oxidized molecules [1] . Characteristically, the levels of oxidative stress are increased in a wide range of conditions associated with muscle impairment including disuse, cancer cachexia, age-associated muscle loss or sarcopenia, muscular dystrophies and nerve crush injury [2] . Despite the association between oxidative stress and muscle impairment, the therapeutic role(s) of antioxidant supplements to combat muscle impairment is still controversial [3, 4] . Here we show our exciting findings supporting a pharmacologic intervention that is effective in reversing the muscle impairment in a mouse model of oxidative stress, mice deficient in CuZnSOD (Sod1 -/-mice). Sod1 -/-mice exhibit a number of phenotypes associated with oxidative stress-induced muscle impairment, including high levels of oxidative stress and damage, mitochondrial dysfunction and generation of reactive oxygen species (ROS), loss of neuromuscular junction integrity and accelerated loss of muscle mass and weakness. These mice have the added advantage that the majority of changes occur in mice less than 12 months of age [5] [6] [7] [8] [9] . Thus, the Sod1 -/-mouse is an excellent model to test potential interventions for muscle impairment due to oxidative stress in relatively young mice. A number of potential factors contributing to the underlying mechanisms of muscle defects related to increased oxidative stress have been proposed, including, mitochondrial dysfunction, defects in muscle regeneration and impairments in calcium regulation and the muscle excitation-contraction (EC) coupling system [10, 11] . EC coupling involves a series of molecular events that convert membrane depolarization into muscle contraction by releasing Ca 2+ from the sarcoplasmic reticulum (SR) Ca 2+ stores via the ryanodine receptors (RyRs).
The subsequent reuptake of Ca 2+ after contraction is executed by the SERCA pumps. Impaired function of the SERCA pump is associated with many chronic pathologies including aging [12] , denervation [13] and muscular dystrophies [14] . One potential molecular mechanism underlying this phenomenon may involve oxidative modification of SERCA and/or associated proteins. For example, treating isolated SR vesicles with peroxides causes oxidation and partial inactivation of SERCA pumps [15] . SERCA protein oxidation and reduced activity have also been shown to occur in biological aging [16] . T proteases and mitochondrial dysfunction and ROS generation [17] . Restoration of SERCA activity is a promising target to counter muscle pathologies in conditions of sarcopenia and oxidative stress. Overexpression of SERCA [18] or deletion of the SERCA inhibitory protein sarcolipin [14] 1 increases SERCA ATPase activity and mitigates the disease phenotype in mouse models of Duchenne muscular dystrophy (DMD). Specifically, increased SERCA activity in the DMD mouse model is associated with improved muscle regeneration, reduced muscle necrosis, improved mitochondrial morphology, extended lifespan and protection from contraction-induced injuries and Ca 2+ -driven necrosis in the gastrocnemius muscle. While these genetic approaches to increasing SERCA function are encouraging, here we tested the ability of a pharmacological intervention to enhance muscle SERCA function using CDN1163, an allosteric activator of the SERCA pump. We show for the first time that CDN1163 can increase muscle mass, restore muscle force and reduce mitochondrial ROS and oxidative stress in a mouse model of oxidative stress, the Sod1 -/-mice. Our findings suggest that pharmacological activation of the SERCA pump may represent a promising therapy for muscle impairment associated with oxidative stress [5, 7] .
Materials and methods

Animals and CDN1163 information
The generation and characterization of the Sod1 -/-mice is described in detail elsewhere [5, 19] It has a plasma half-life of 1.17 h and plasma stability of 94% at 1 h. The compound also shows high permeability across membranes and is not inhibited by cytochrome C450 enzymes of the liver. It is also remarkably selective over potential off-target effects. CDN1163 was screened for 160 targets and did not show significant activity at any of the off-targets [20, 21] .
Protein preparation and western blot
Gastrocnemius muscle was homogenized in RIPA buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, and protease inhibitors. Protein was quantified using the Bio-Rad kit (Sigma-Aldrich, Poole, UK) and transferred to nitrocellulose membrane after electrophoresis using 8-15% polyacrylamide gels. Bands were scanned and quantified using Gene Tool system (SynGene -Frederick, MD, USA). Primary antibodies used include rabbit anti-SERCA1 (Cell Signaling technology; #12293, Danvers, MA, USA), rabbit anti-SERCA2 (Cell Signaling technology; #4388, Danvers, MA, USA) and rabbit anti-LC3 (Cell Signaling technology; #2775, Danvers, MA, USA) at 1:1000 dilution each. Secondary antibody used was HRP-linked anti-rabbit IgG (Cell Signaling technology; #7074, Danvers, MA, USA) at 1:10,000 dilution. All image intensities were normalized to protein intensity based on the ponceau stain.
Analysis of oxidative damage by F 2 -isoprostane level
The levels of F 2 -isoprostanes in quadriceps muscle were measured using thin layer chromatography and GC-mass spectrometry as described previously [22] .
Quantification of mRNA levels using real-time PCR
Total RNA was extracted from gastrocnemius muscles using TRI reagent and the cDNA was prepared from 1 mg of the total RNA using iScriptTM cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA). 2.5 ng of cDNA samples were amplified using specific primers along with fast SYBR green master mix (Applied Biosystems, Grand Island, NY, USA). The data were analyzed using the ΔΔCt method.
Contractile force measurements
Contractile force generation was measured in isolated EDL muscle using a 1200A in vitro test system (Aurora Scientific Inc. ON, Canada) as described elsewhere [9] . Briefly, muscles were individually tied to a model 300C servomotor (Aurora Scientific Inc.) and fixed within a water bath containing an oxygenated (95% O 2 , 5% CO 2 ) Krebs-Ringer solution (in mM: 137 NaCl, 5 KCl, 1 MgSO 4 , 1 NaH 2 PO 4 , 24 NaHCO 3 , 2 CaCl 2 ) maintained at 32°C. Computer controlled stimulation was applied through a model 701C stimulator (Aurora Scientific Inc.). Force frequency curves were generated with stimulation frequencies between 1 and 300 Hz. All data were recorded and analyzed using commercial software (DMC and DMA, Aurora Scientific, ON, Canada). Specific force (N/cm 2 ) was measured using muscle length and mass.
SERCA activity
The measurement of SERCA ATPase activity was performed in the muscle homogenates at 37°C using a spectrophotometric assay as previously described [23] .
Mitochondrial function
Mitochondrial isolation and assays for H 2 O 2 generation were performed in gastrocnemius muscle as described previously by our laboratory [24] . Freshly isolated mitochondria were used for H 2 O 2 release assay using the Amplex red-HRP method [25] . HRP (1 U/ml) catalyzes the H 2 O 2 -dependent oxidation of nonfluorescent Amplex red (80 µM) (Molecular Probes, Eugene, OR) to fluorescent resorufin red. Fluorescence was followed at an excitation wavelength of 544 nm and emission wavelength of 590 nm using a Fluoroskan Ascent type 374 multiwell plate reader (Labsystems, Helsinki, Finland). The slope of the increase in fluorescence is converted to the rate of H 2 O 2 production with a standard curve. All assays were performed at 37C in 96-well plates. Substrates used were 10 mM succinate plus rotenone and 5 mM glutamate plus malate. For each assay, one reaction well contained buffer only, and another contained buffer with mitochondria, to estimate the background oxidation rates of Amplex red and to estimate the rate of peroxide release in mitochondria without substrate (state 1). The reaction buffer consisted of 125 mM KCl, 10 mM HEPES, 5 mM MgCl 2 , 2 mM K 2 HPO 4 , pH 7.44 and 37.5 U/ml Sod [24] .
Statistical analysis
All numerical values are presented as mean ± SEM and the comparisons among the four groups were performed by one-way analysis of variance (ANOVA) and Turkey's multiple comparison test, with a single pooled variance. Data were analyzed using GraphPad Prism 7 and the p values of less than 0.05 were considered statistically significant. The effect of CDN1163 on SERCA activity was determined by measuring the decrease in NADH absorbance at 340 nm in gastrocnemius muscle homogenates (Fig. 1A) . The maximum change in Ca 2+ dependent Ca 2+ -ATPase is significantly reduced (≈ 29%; p < 0.05) in muscle homogenates from the Sod1 -/-mice when compared to WT mice (Fig. 1B) . The reduction in SERCA activity is completely restored with 7 weeks of CDN1163 treatment ( Fig. 1A and B) . Levels of SERCA1 and SERCA2 mRNA and protein were not changed in Sod1 -/-mice and were not altered by CDN1163 treatment (Fig. 1C and D) .
CDN1163 prevents gastrocnemius muscle atrophy in the Sod1
-/-mice At 2 months of age (the starting point for this study) the Sod1 -/-mice have a significantly lower body mass (~19% less than age matched WT mice; 20.6 g ± 0.4 versus 16.6 g ± 0.4) as we have previously reported [5, 9] (Fig. 2A) . CDN1163 treatment for 7 weeks did not alter body weight in WT or Sod1 -/-mice, and the Sod1 -/-mice remained approximately 14% smaller than the WT mice at the end of the 7 week treatment period. At 2 months of age, neither absolute (Fig. 2B) nor normalized (Fig. 2C ) gastrocnemius muscle mass is statistically lower in Sod1 -/-versus WT female mice. However, at the end of the 7 week period (~4 months of age) there is a significant decrease in both absolute and normalized gastrocnemius muscle mass in the untreated Sod1 -/-mice compared to untreated WT mice ( Fig. 2B and C) consistent with our previous reports [5] . Remarkably, 7 weeks of CDN1163 treatment completely prevented this atrophy in the Sod1 -/-mice and the normalized gastrocnemius mass of CDN treated Sod1 -/-mice is 23%
greater than Sod1 -/-untreated mice (Fig. 2C ). This protective effect of CDN1163 on muscle mass may in part be due to enhancement of autophagy in the Sod1 -/-mice as evident by increase in protein expression of LC3-II and the ratio of LC3-II / LC3-I (Fig. 2D ).
CDN1163 prevents contractile dysfunction in the Sod1 -/-mice
In agreement with our previous findings, we measured a significant decline in the in-vitro specific force measured in EDL muscle of Sod1 -/-mice (~19%, p < 0.05) when compared to WT mice (Fig. 3A) . Consistent with the maintenance of muscle mass, 7 weeks of CDN1163 treatment completely restored the specific force in the Sod1 -/-mice.
Importantly, these changes occur in vitro independent of muscle mass and innervation status suggesting a beneficial effect of CDN1163 on intrinsic force-generating properties of the EDL muscle. On the other hand, CDN1163 has no effect on the TTP and RT 1/2 in the EDL muscle during twitch contractions ( Fig. 3B and C) . CDN1163 had no effect on force-frequency curve when force was plotted as percentage of maximum force (Fig. 3D) or as specific force (Fig. 3E) . 
CDN1163 attenuates mitochondrial dysfunction in the Sod1
-/-mice It is well documented that elevated levels of cytosolic Ca 2+ lead to increased mitochondrial ROS production [26] . We have previously shown that muscle mitochondria from the Sod1 -/-mice show structural and functional defects [6, 7] . To test whether the activation of SERCA pump function improves mitochondrial function, we measured mitochondrial ROS production as peroxide emission using isolated mitochondria from the gastrocnemius muscle. In accordance with our previous findings, mitochondria from Sod1 -/-mice showed significantly greater (≈ 340%, p < 0.001) H 2 O 2 production in State-1 respiration (mitochondria respiring without addition of external substrate), than mitochondria from gastrocnemius muscle from WT mice (Fig. 4A) . In contrast, isolated mitochondria from CDN1163 treated muscle from Sod1 -/-mice do not show elevated levels of peroxide production, i.e., levels are similar to mitochondria from WT mice. When respiratory substrates glutamate/malate are added to stimulate electron flow through Complex I, mitochondrial peroxide production is still significantly higher in the Sod1 -/-mice (≈ 56%, p < 0.05) compared to WT mice. CDN1163 treatment in the Sod1 -/-mice returns glutamate/ malate stimulated H 2 O 2 generation to WT levels (Fig. 4A) .
CDN1163 reduces the oxidative damage in the Sod1 -/-mice
We have previously reported increased oxidative damage in the skeletal muscles of Sod1 -/-mice [8] that might be contributing to muscle atrophy and weakness. CDN1163 was shown to reduce plasma levels of malondialdehyde, a marker of oxidative stress, in the ob/ob mouse model [27] . Therefore we investigated whether CDN1163 can prevent oxidative stress-induced damage by measuring the levels of F 2 -isoprostanes, an indicator of lipid peroxidation, in the quadriceps muscles. As shown in Fig. 4B , the F 2 -isoprostanes levels in quadriceps muscle are significantly higher (≈ 76%, p < 0.001) in the Sod1 -/-mice compared to WT mice. However, CDN1163 treatment prevented this increase in the Sod1 -/-mice.
Discussion
This is the first study suggesting that direct pharmacological activation of skeletal muscle SERCA by the SERCA activator CDN1163 rescues muscle atrophy and weakness in a mouse model of oxidative stress. Here we report that SERCA activation is associated with the restoration of muscle mass and force and prevention of mitochondrial ROS generation and oxidative damage in the Sod1 -/-mice. These findings suggest that the pharmacological restoration of SERCA may be a powerful intervention to prevent oxidative stress-mediated muscle old; WT-DMSO; n = 10, WT-CDN1163; n = 8, Sod1 -/--DMSO; n = 6, Sod1 -/--CDN1163; n = 8). One-way ANOVA. * P ≤ 0.05, **** P ≤ 0.001.
impairment during aging and diseases involving muscular degeneration. SERCA plays a critical role in cellular maintenance of calcium levels. This is especially important in skeletal muscle where calcium levels are elevated following muscle contraction and need to be repeatedly restored to resting levels to avoid deleterious effects of high calcium. There are two major SERCA isoforms in mouse hind limb muscles, SERCA1a the more abundant fast twitch isoform and SERCA2a the relatively low abundance slow twitch isoform. Together they account for ≥ 70% of Ca 2+ removal from the cytosol [28] . Reduced SERCA ATPase activity is associated with aging muscle [12] , denervation [13] and muscular dystrophies [29] . Thus, restoration of SERCA function is an attractive therapeutic target to prevent muscle defects. Indeed, previous studies have shown that stabilizing SERCA activity with elevated levels of Hsp72 [30] , deletion of the SERCA inhibitor sarcolipin [14] or overexpression of SERCA protein itself [18] all work to ameliorate muscle pathology in the mouse models of Duchenne muscular dystrophy. SERCA has been shown to be inactivated by elevated oxidative stress in aging muscle and denervation [12, 13] thus it is possible that the reduction in SERCA activity in the Sod1 -/-mice is related to oxidative inactivation of the enzyme. In support of this, peroxides are shown to selectively oxidize cysteine residues of SERCA and partially inactivate the pump in the isolated SR preparations [15] . Thus it is plausible that the restoration of oxidative balance by the CDN1163 (Fig. 4) has prevented oxidative inactivation of the SERCA. Because high levels of oxidative stress and mitochondrial dysfunction have previously been linked to elevated cytosolic calcium levels [17] , we the Sod1 -/-mice without affecting the time to twitch peak tension (TTP) (B) and half relaxation time (1/2 R) (C). CDN1163 had no effect on force-frequency curve when force was plotted as percentage of maximum force (D) or as specific force (E).; Values are expressed as Mean ± SEM. (WT-DMSO; n = 9, WT-CDN1163; n = 5, Sod1 -/--DMSO; n = 5, Sod1 -/--CDN1163; n = 5).; One-way ANOVA. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001.
hypothesized that activation and maintenance of SERCA activity by CDN1163 would maintain physiologic calcium levels and prevent or reduce muscle atrophy and weakness in the Sod1 -/-mice. Interestingly, CDN1163 was recently shown to prevent ER stress and have beneficial effects in hepatic [27] , pancreatic [31] and neuronal [20] tissues. In support of our hypothesis, CDN1163 restored SERCA activity to levels found in wild type mice, reversed mitochondrial ROS generation, prevented oxidative damage and protected from muscle atrophy and loss of contractile force generation. The protective effects of CDN1163 on muscle mass and function may be due to the maintenance of calcium levels and/or an indirect effect of the compound on mitochondrial function and downstream oxidative stress that can propagate muscle degenerative processes. Mitochondria are an important source of ROS in the skeletal muscle, and the local structural and functional communications between SR and mitochondria are well characterized [26] . A correlation exists between the levels of cytosolic calcium transient and the amount of mitochondrial calcium uptake so that an enhanced cytosolic calcium transient leads to enhanced mitochondrial calcium uptake [32] . Accordingly, defect in SR calcium handling and elevated cytosolic calcium promote mitochondrial calcium uptake and ROS production in various muscle diseases [33] . Restoration of SERCA activity has been shown to reduce mitochondrial swelling and free radical production in the gastrocnemius muscles of mice with muscular dystrophy [29] . While it is difficult to align these observations along a disease causing pathway, they support our notion that the reduced SERCA pump activity and the increased mitochondrial ROS production facilitate or induce muscle impairment in the Sod1 -/-mice. The reduced emission of mitochondrial peroxides we measured in the CDN1163 treated Sod1 -/-mice is consistent with this idea. Proper maintenance of autophagy is fundamental for the homeostasis of skeletal muscle during stress. The inhibition as well as over activation of autophagy exerts detrimental effects on muscle health [34] . The defect in autophagic flux in the Sod1 -/-mice (Fig. 2D ) is potentiallypathogenic and is consistent with the mouse models of ALS [35] and the age-decline of autophagy system in rodents [36, 37] and humans [38] . These studies indicate that the reduced autophagic capacity to eliminate damaged and dysfunctional proteins and organelles contribute to muscle impairment. Hence the restoration of autophagy by CDN1163 to the wild-type levels could be an additional mechanism to counter oxidative stress-induced muscle impairment (Fig. 2D) . Apart from inducing mitochondrial damage, SERCA pump dysfunction can also disrupt EC coupling machinery leading to reduced muscle strength as the mice with decrease in SERCA pump activity show reduced force-generating capacity [29] . We can propose at least two ways that the disrupted EC coupling and the associated oxidative stress might contribute to muscle weakness in the Sod1 -/-mice. It is possible that the Ca +2 dysregulation and increased ROS production reduce Ca 2+ sensitivity of the contractile apparatus. In support of this, a direct coupling between increased ROS and myofibrillar Ca 2+ sensitivity is proposed leading to reduced force production in the conditions of increased oxidative stress [39] . Alternatively, increased ROS may damage SR Ca 2+ release channels RyRs, resulting in reduced Ca release during contraction and contributing to muscle weakness. Hence the SERCA restoration-mediated improved Ca 2+ handling and reduced ROS production in the CDN1163 treated Sod1 -/-mice might be contributing to restored force generating capacity. Although we did not investigate the off-target effects of the compound in this short-term study, we did not see a change in kidney, brain and liver weights in CDN1163-treated vs untreated Sod1 -/-mice (data not shown). The compound also showed remarkable safety against offtarget effects when screened for 160 potential targets [20, 21] . Further, while the impact of chronic pharmacological activation of SERCA ATPase pump are unknown, genetic activation of SERCA ATPase by overexpressing SERCA [18, 29] or deleting sarcolipin [14] shows no chronic side effects. Therefore we are confident about the safety profile of CDN1163 in long-term.
In conclusion, we validate for the first time that the pharmacological activation of SERCA is a powerful intervention to prevent muscle impairment associated with the increased oxidative stress. Importantly, CDN1163 restores oxidative balance, force-generating capacity and the muscle mass by reversing the loss of SERCA function in the Sod1 -/-mice.
Currently, there are no known drugs to effectively offsetting muscle weakness and atrophy. This study provides an important proof-ofconcept that the CDN1163 has the potential to become an effective therapy for age-and oxidative stress-related muscle diseases.
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